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Entangled photon-pairs are a critical resource in quantum communication protocols ranging from quantum
key distribution to teleportation. The current workhorse technique for producing photon-pairs is via spontaneous
parametric down conversion (SPDC) in bulk nonlinear crystals. The increased prominence of quantum networks
has led to growing interest in deployable high performance entangled photon-pair sources. This manuscript
provides a review of the state-of-the-art for bulk-optics-based SPDC sources with continuous wave pump, and
discusses some of the main considerations when building for deployment.
I. INTRODUCTION
The nonlocal correlations of entangled systems play a cen-
tral role in quantum technologies across domains as varied as
communication, sensing and computation. Generating entan-
gled states in a reliable and reproducible manner while push-
ing the limits of repetition rates and quality of entanglement
can thus be considered a key prerequisite towards practical
applications.
From an applications perspective, even the most basic form
of entanglement - bi-partite entanglement in two-level quan-
tum systems - promises to play a major role in quantum in-
formation science and technology. In the context of quantum
communications for example (but also for some scenarios in
sensing and information processing), entangled photon pairs
which can readily be distributed to remote parties are a basic
building block for many envisioned applications.
The last two decades have seen significant efforts dedicated
to the proof-of-concept demonstration and then refinement
of methods for photon pair generation on a variety of tech-
nological platforms. Technologies ranging from atom- and
ion-based systems to engineered defects in solid-state devices
and 2-D materials are steadily improving in performance such
that the ultimate goal of scalable and on-demand emission
of single- and multi-photon states is well within reach. At
present, however, the most widely employed approach remain
probabilistic photon pair sources based on spontaneous wave-
mixing processes in nonlinear optical materials. Decades of
research in nonlinear optics have provided a vast set of tools
for engineering wave-mixing processes, resulting in highly ef-
ficient and versatile photon pair generation schemes for entan-
glement in a variety of photonic degrees of freedom.
The most common wave-mixing techniques employed in
photon pair sources are based on accessing either the second
order (χ(2)) or third order (χ(3)) optical nonlinearities, which
lead to the three-wave or four-wave mixing regimes, respec-
tively. Higher-order wave mixing for direct generation of pho-
ton multiplets has been studied and proposed, for instance in
∗ phyalej@nus.edu.sg
[1], yet is not commonly employed in the optical regime due
to the low conversion rates but has recently been achieved in
microwave systems [2]. Note however, that equivalent higher-
order nonlinear interactions have already been realized via
cascading of χ(2) nonlinearities [3].
The main difference between three- and four-wave mixing
is in the magnitude of the optical nonlinearity governing the
process. The χ(3) nonlinearity on which the spontaneous four-
wave mixing (SFWM) process occurs is very weak and effi-
cient SFWM sources are thus most commonly implemented
in guided wave systems such as integrated photonics ring res-
onators, pulsed pump in single mode fibers, or highly nonlin-
ear photonic crystal fibers [4]. Even higher nonlinear interac-
tions may be achieved via mode-confinement in waveguides,
which significantly improves the rate of photon pair produc-
tion, but also limits the degrees-of-freedom accessible. Spon-
taneous three-wave mixing processes (STWM), on the other
hand, have much stronger optical nonlinearity and are thus
routinely achieved within both bulk and waveguide optical
systems.
An important feature of three-wave mixing in bulk ma-
terial is the access to various degrees-of-freedom and this
has been utilised to demonstrate entanglement in polariza-
tion [5, 6], spatial mode [7, 8], time [9] and frequency [10].
Moreover, these sources have been shown to provide entan-
glement across degrees-of-freedom simultaneously in a so-
called hyper-hyper-entangled state [11, 12]. As a result of this
flexibility, the spontaneous three-wave mixing process, com-
monly referred to as Spontaneous Parametric Down Conver-
sion (SPDC), is a widely used tool in quantum information
science implementations.
The supporting technology needed for implementing SPDC
are readily obtainable and setups work reliably at room tem-
perature. The components can be easily modified to explore
multiple applications. For these reasons, bulk-based SPDC
systems have a higher technological maturity when compared
to waveguide based systems [13–15].
In this review article, we focus mainly on the development
of entangled photon sources based on the process of SPDC
in bulk nonlinear materials, and make a brief comparison to
waveguided SPDC. For a more detailed discussion of nonlin-
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2ear quantum optics on integrated platforms, we refer the in-
terested reader to the comprehensive review articles, see e.g.
[16]. Furthermore, we will primarily discuss continuous wave
pumped SPDC, where the pump is generally considered a
monochromatic wave. In particular, SPDC pumped with ultra-
fast laser pulses is widely used in studies of multi-partite pho-
tonic entanglement where the sub-coherence pumping [17] al-
lows the coherent interaction between multiple photon pairs.
This technique has been used for instance in the implementa-
tion of four-photon entanglement [18], or quantum state tele-
portation [19], and we refer the reader to the following review
article [20]. We begin with a description on the principles
governing SPDC production, followed by identifying the rel-
evant performance parameters for an entangled photon source
(section II). We provide a detailed description of polarization
entangled photon sources in different phase-matching geome-
tries in section III. In section V, we discuss the progress of
entangled photon sources in other degrees of freedom. Fi-
nally, our review will conclude with a discussion of the main
application areas for entangled photon sources and an outlook
(section VI).
II. SPONTANEOUS PARAMETRIC DOWN CONVERSION
The response of a dielectric medium to an electromagnetic
field is given in terms of polarization of the material written
as a sum of electric fields E j ( j = 1,2,3, ..)
P = ε0(χ(1)E1 +χ(2)E1E2 +χ(3)E1E2E3 + ...) (1)
where ε0 is the vacuum electric permittivity, χ(1) is the lin-
ear susceptibility and χ(2),χ(3), ... are the nonlinear suscep-
tibilities of the medium. The second order (χ(2)) process
enables three electromagnetic fields to interact in a non-
centrosymmetric medium leading to a transfer of energies be-
tween the fields. This is known as three-wave mixing. The
specific case where the two lower energy fields are initially
vacuum modes is known as Spontaneous Parametric Down
Conversion and is illustrated in Fig. 1. The process is spon-
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FIG. 1. (a) Generation of photon-pairs in the SPDC process. A pump
photon of frequency ωp decays to two photons of frequencies ωs and
ωi, known as signal and idler respectively. (b) Illustration of energy
conservation in SPDC process.
taneous as there are no input signal and idler photons to stim-
ulate the process, but only the inherent vacuum fluctuations
of the modes. SPDC is therefore a direct manifestation of the
quantized description of the electro-magnetic fields. The term
parametric refers to the fact that the interaction medium does
not add or subtract energy or momentum in the process.
A. The Interaction Hamiltonian
The Hamiltonian governing SPDC inside an nonlinear in-
teraction volume can be written as [21–24]:
HI = ε0
∫
d3r χ(2) E(+)p (r, t)Eˆ
(−)
s (r, t)Eˆ
(−)
i (r, t)+H.c. (2)
The interaction of the pump and target fields is commonly
expressed using the non-depleted pump approximation. This
is appropriate as the χ(2) susceptibility has a very small mag-
nitude, and most of the pump energy is not down converted.
The non-depleted pump field with wave-vector kp and fre-
quency ωp may be expressed classically as
Ep(r, t) = ep
∫
dωp dk⊥p Np Ap(k
⊥
p )S(ωp) e
i(kp·r−ωpt)+ c.c
(3)
where Np=
√
h¯ωp/(2ε0cnp(ωp)) is the normalization factor,
Ap(k⊥p ) is the spatial mode of the pump in transverse momen-
tum coordinates k⊥p ≡ (kpx,kpy), S(ωp) is the spectral function
and ep is the polarization vector of the pump. This expression
is generally known as the squeeze-operator [25], and SPDC
is considered as the result of the squeeze-operator acting on
vacuum modes, and thus the output states of SPDC are also
referred to as squeezed vacuum. The electric field operators
for the signal and idler photons have the form
Eˆs,i(r, t) =
es,i
(2pi)3/2
∫
dωs,i dk⊥s,i Ns,ie
i(ks,i·r−ωs,it)aˆks,i + c.c
(4)
where Ns,i=
√
h¯ωs,i/(2ε0cns,i(ωs,i)) is the normalization fac-
tor and ns,i(ωs,i), es,i are the respective refractive indices and
polarization vectors. The quantum state of SPDC output at
time t is then given by
|Ψ(t)〉= exp
[
− i
h¯
∫ t
0
HI(t ′) dt ′
]
|0〉s |0〉i (5)
where |0〉s |0〉i is the initial vacuum state. The Taylor se-
ries expansion of the above equation suggests that multi-pair
events in SPDC are possible [26–28], with a strong depen-
dence on pump power. The probability of single pair emission
is obtained by assuming the weak-pump regime, which allows
to truncate the series expansion to first order,
|Ψ(t)〉 ∝
∫ t
0
HI(t ′) dt ′ |0〉s |0〉i . (6)
Keep in mind that the higher-order emissions (multi-pair
emissions) of SPDC must be considered in some scenar-
ios as they could reduce the entanglement quality at suffi-
ciently large pump intensities. The general description of
the bi-photon state emitted by SPDC (or squeezed vacuum)
3is [25, 29]
|Ψ〉=
√
1−λ
(
|0〉s |0〉i +λ 1/2 |1〉s |1〉i +
+λ 2/2 |2〉s |2〉i +λ 3/2 |3〉s |3〉i + ...
)
, (7)
where |n〉 are the photon number states in the signal and idler
modes, λ = tanh2 r, and r is the interaction parameter in the
Hamiltonian. In many applications of SPDC pair sources the
truncation to single-pairs is a valid approach because the in-
teraction strength is chosen relatively low, e.g. λ < 0.01, and
about 1% of all emission events contain only one photon pair.
The integral in (6) can be evaluated by decomposing the
respective wave-vectors into transverse and longitudinal com-
ponents. The integral is explicitly written as
|Ψ(t)〉 ∝ε0epχ
(2)esei
(2pi)3
∫
dωs dωi dk⊥s dk
⊥
i
×
[
Ap(k⊥p )S(ωp)NpNsNi
∫ t
0
dt ei(ωp−ωs−ωi)t
×
∫ ∞
−∞
dx ei(kpx−ksx−kix)x
∫ ∞
−∞
dy ei(kpy−ksy−kiy)y
×
∫ L/2
−L/2
dz ei(kpz−ksz−kiz)z
]
|k⊥s ,ωs〉 |k⊥i ,ωi〉
(8)
One simplifying condition is that the pump and SPDC
transverse modes are much smaller than the cross-section of
the non-linear material, which is usually a crystal. The crys-
tal structure further reduces the susceptibility tensor χ(2) to a
single coefficient d where 2d = epχ(2) : esei. Over a suitable
interaction time, the integral along the crystal volume can be
expressed as
|Ψ(t)〉 ∝
∫
dωs dωi dk⊥s dk
⊥
i Φ(k
⊥
s ,k
⊥
i ,ωs,ωi)
×|k⊥s ,ωs〉s |k⊥i ,ωi〉i , (9)
where Φ(k⊥s ,k⊥i ,ωs,ωi) is the SPDC mode function given by
Φ(k⊥s ,k
⊥
i ,ωs,ωi)= LσAp(k
⊥
s +k
⊥
i )S(ωs+ωi)sinc
(
∆kzL
2
)
.
(10)
The effective nonlinear coefficient is now
σ = d
√
h¯3ωpωsωi
32pi4ε0c3np(ωp)ns(ωs)ni(ωi)
(11)
and ∆kz=kpz − ksz − kiz is the longitudinal wave-vector mis-
match. The mode function in Eqn.(10) obeys energy and mo-
mentum conservation :
ωp = ωs +ωi Energy (12)
k⊥p = k
⊥
s +k
⊥
i Transverse momentum (13)
kpz = ksz + kiz Longitudinal momentum (14)
The transverse function of the pump and targeted SPDC
modes can be modeled in order to optimize brightness and
heralding efficiency in practical sources [30, 31]. Note that
for a continuous-wave pump (monochromatic), S(ωs +ωi) =
δ (ωs +ωi), which will further simplify the bi-photon mode
generated by SPDC, expression (10). If the SPDC pump
is a wide-band and/or pulsed laser, the bi-photon mode will
have an internal structure and potentially have mixed spectra,
which has been extensively studied, see for instance [20, 32].
Based on phase-matching geometry, SPDC sources have
collinear or non-collinear emission of photon-pairs. Figure
2 shows the wave-vector diagrams for collinear and non-
collinear cases of phase-matching. Here, θs and θi are the
angles of signal and idler wave-vector with reference to the
pump, which are different for non-degenerate photon-pairs.
∆k is the mismatch among the pump, signal and idler wave-
vectors, mathematically expressed as ∆k= kp−ks−ki. This
wave-vector mismatch has great significance in designing en-
tangled photon sources.
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FIG. 2. Vector diagrams of collinear and non-collinear phase match-
ing configurations in SPDC sources.
B. Phase matching techniques
When using bulk crystal SPDC there are two main ways
to achieve phase-matching: (a) by exploiting birefringence to
compensate for phase mismatch, or (b) using periodic poling
of the material which leads to quasi-phase matching (QPM).
Typically this involves at least one of the fields propagating
at an angle with respect to the optical axis (critical phase
matching configuration), and the resulting transverse walk-
off limiting the maximum interaction length for the process.
The more desirable non-critical phase matching condition,
where propagation of all fields is along an axis perpendicu-
lar to the optical axis is usually only fulfilled for very spe-
cific materials and wavelength combinations. Alternatively,
non-critical collinear interaction can also be achieved quasi
phase-matching in periodically-poled nonlinear materials. All
of these methods try to achieve the momentum conservation
condition:
np(λp)
λp
=
ns(λs)
λs
+
ni(λi)
λi
. (15)
This condition cannot be achieved with normal dispersion
but requires the above mentioned approaches, i.e. either mate-
rials exhibiting birefringence, or the use of quasi-phase match-
ing. Note that SPDC in waveguides can also make use of
the propagation parameters of guided modes to achieve modal
phase-matching, as will be discussed later.
4In a birefringent optical material, the wave polarized or-
thogonal to the principal plane is denoted as ordinary (o)
beam and the wave polarized along the plane is denoted as
extra-ordinary (e). For commonly used uniaxial crystals the
refractive index of the ordinary wave (no) is independent of
the orientation of its wave-vector inside the crystal, whereas
the extra-ordinary refractive index depends on the angle θ be-
tween the wave-vector and the optic axis (neff(θ)). In sources
based on biaxial crystals the orientation of all wave-vectors to
the optic axis must be considered [33]. This effective extra-
ordinary refractive index is expressed as:
1
n2eff(θ)
=
cos2 θ
n2o
+
sin2 θ
n2e
. (16)
Critical phase matching is then achieved by tuning the an-
gle of the pump wave vector with respect to the optic axis.
There are two possible configurations known as type-I or type-
II. In type-I phase-matching the generated photon-pairs are
co-polarized with their polarization orthogonal to that of the
pump. In type-II, the photon-pairs are orthogonally polarized
to each other.
The other phase-matching technique is quasi phase-
matching (QPM) where there is a spatial modulation of the
nonlinear property in the medium along the propagation di-
rection [34]. A common QPM method uses periodic flip-
ping of the optical axis to achieve an effective nonlinearity.
This method makes use of a multi-domain material, unlike in
critical phase-matching where the entire material is a single
domain with the optical axis fixed in one direction. More-
over, the periodic domains compensate the spatial walk off
between the three waves which effectively increases the inter-
action length [35].
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FIG. 3. Vector representation (left) and variation of intensity along
the nonlinear medium (right) for (a) phase matched, (b) non-phase
matched and (c) quasi-phase matched cases, in the weakly-pumped
regime.
Due to this periodic domain structure the intensity of gen-
erated photons grows in a step-wise manner along the interac-
tion medium. The phase mismatch in QPM is mathematically
expressed as
∆kQPM = ∆kbulk−kg (17)
Here, ∆kbulk = kp − ks − ki, is the phase mismatch of the
bulk material. The grating wave-vector kg has a magnitude
of 2pi/Λ, with Λ being the grating or poling period. This
grating wave-vector allow us to engineer the spectral and spa-
tial properties of the down-converted photon-pairs. Moreover,
QPM can allow type-0 phase matching where pump, signal
and idler photons are co-polarized.
C. Basic performance parameters for photon-pair sources
This section discusses the performance parameters com-
monly used to characterise photon-pair sources.
1. Brightness: The brightness of a source is defined as the
number of pairs produced in one second for unit pump power
typically written as the number of pairs/s/mW. The intrinsic
brightness of a source can be traced back to the nonlinear co-
efficient of the material which determines the probability that
a pump photon will be converted to a photon pair [30]. It is im-
portant to make a distinction between observed and generated
brightness. The observed brightness is highly dependent on
heralding efficiency (see below) and other system parameters
such as detector efficiency. The generated brightness can of-
ten be inferred once the system losses are taken into account.
In terms of applications, the observed brightness is often the
more relevant parameter.
The SPDC process is typically a broadband process, and for
specific application it is important to understand the spectral
brightness where the typical unit is pairs/s/nm/mW. This is
the brightness divided by the spectral bandwidth of the SPDC
output. It should be noted that brightness values reported for
SPDC sources often ignores the contribution of multiple pairs,
and so is valid only in the weakly pumped regime.
2. Heralding efficiency: Here [36], we define the heralding
efficiency as the the ratio of observed coincidence counts to
the signal/idler counts. This parameter, also known as the
coincidence-to-singles ratio of Klyshko efficiency, is a very
practical and readily accessible performance estimator that
depends upon both the efficiency of collection and detection.
Note that, while detectors can be changed in principle, the col-
lection efficiency is closely related to the spatial properties of
the SPDC emission, specifically the spatial mode distribution
of the signal (idler) conditioned on the partner photon cou-
pling into a specific spatial mode [31], [37]. The number of
photons registered by signal (s) and idler (i) detectors for a
given resolution time are given by [26]
Ns = ηsµsN (18)
Ni = ηiµiN (19)
where N is the number of photon-pairs produced in the given
resolution time. ηs,i and µs,i are the detection and collection
5efficiencies. The rate of coincidence events between the two
detectors is
Nc = ηsηiµsµiN (20)
The heralding efficiency of the source is given by
ηh =
Nc√
NsNi
(21)
A major contribution to error when estimating this value is
the rate of accidental correlations across the detectors, due to
stray light or internal detector noise. To a first approximation,
the rate of accidental correlations is given by
Nacc = NsNiτ (22)
where τ is the coincidence window used in coincidence count-
ing. By subtracting Nacc, the rate of true correlations can
be determined. Proper correction of accidental coincidence
counts leads to significant improvement in signal-to-noise ra-
tio in applications which depend on coincidence measure-
ments [38].
D. Photonic Entanglement and its experimental measures
In this article, we mainly focus on two qubit entanglement
in different degrees of freedom such as polarization, time bin
etc. The target state of such entangled photon-pair sources fall
to any of the maximally entangled bell states, given as
|Ψ±〉= 1√
2
(|10〉+ |01〉) ; |Φ±〉= 1√
2
(|00〉+ |11〉) (23)
The |0〉 and |1〉 are two orthogonal states. Below we discuss
some of the experimentally observable measures of entangle-
ment.
a. Polarization correlation visibility / contrast : Entan-
gled photon-pairs exhibits non-local correlation which can be
observed from their measurement outcomes. In case of polar-
ization entanglement, signal and idler photons are projected
to different linear polarization states
|θ1θ2〉 ≡ (cosθ1 |H〉1 + sinθ1 |V 〉1)
⊗(cosθ2 |H〉2 + sinθ2 |V 〉2) (24)
Probability of finding the entangled photon-pair in the pro-
jected state |θ1θ2〉 is given by
p(θ1,θ2) =

1
2 cos
2(θ1∓θ2) for |Φ±〉
1
2 sin
2(θ1±θ2) for |Ψ±〉
(25)
To examine polarization entanglement, polarization in one
arm is projected to one of the linear states |H〉, |V 〉, |D〉 or
|A〉, and the coincidence counts are plotted for different po-
larizer angles of the second arm. Figure 4(a) represents the
polarization curves corresponding to the Bell state |Φ+〉. The
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FIG. 4. (a) Sample plot of variation of coincidence counts with signal
polarizer angle θ1 for the Bell state |Φ+〉. Here the black, red, blue
and green shades corresponds to idler photon projected to |H〉, |V 〉,
|D〉 and |A〉 polarizations, respectively. (b) Plots of single polarizer
measurements for distinction between |Φ+〉 and |Φ−〉 states.
polarization visibility for each basis is determined by the ex-
pression
V =
Nmax−Nmin
Nmax +Nmin
(26)
where Nmax and Nmin are the maximum and minimum values
of the curve in a given measurement basis.
Note that it is also possible to obtain practical estimates
on the quality of entanglement using only common polariza-
tion measurement acting on both signal and idler photons.
This is particularly useful for quick characterization of en-
tangled photon-pair sources in collinear design using a sin-
gle polarizing element that is placed in the common path of
the co-propagating signal and idler photons. For example,
in [39], it is shown that a joint linear polarization measure-
ments allow to differentiate the state |Φ+〉 from |Φ−〉 or a
mixed state by observing the polarization correlations. The
photons prepared in state |Φ−〉 are co-polarized in one ba-
sis (H/V) and anti-polarized in the other linear basis (D/A).
So, in the case of |Φ−〉, the curve from single polarizer mea-
surements show high contrast between minima and maxima,
while |Φ+〉 show a constant pair rate for any polarizer setting
(Fig. 4(b)). Similarly, for maximally entangled states of the
form |HH〉+ eiφ |VV 〉, recording the visibility of coincidence
fringes over the relative phase eiφ (e.g. by tilting a birefringent
6plate or a Soleil Babinet compensator) it is possible to certify
entanglement with a common diagonally oriented polarizer in
the signal and idler path [40].
b. Bell’s inequality : The violation of Bell’s inequality
is one of the most commonly used parameter to qualify or
witness polarization entanglement. An experimentally very
accessible form of Bell’s inequality is given by the inequal-
ity proposed by Clauser, Horne, Shimony, and Holt (CHSH)
in 1969 [41]. The CHSH version of Bell’s inequality is ex-
pressed as
S =|E(θ1,θ2)−E(θ1,θ ′2)+E(θ ′1,θ2)+E(θ ′1,θ ′2)|
≤ 2 (27)
where correlation values, E(θ1,θ2), can conveniently be nor-
malized using the measured coincidences given by [42]
E(θ1,θ2) =
Nc(θ1,θ2)+Nc(θ⊥1 ,θ
⊥
2 )−Nc(θ⊥1 ,θ2)−Nc(θ1,θ⊥2 )
Nc(θ1,θ2)+Nc(θ⊥1 ,θ
⊥
2 )+Nc(θ
⊥
1 ,θ2)+Nc(θ1,θ
⊥
2 )
(28)
Here Nc(θ1,θ2) is the coincidence counts for each polariza-
tion angle and θ⊥i = θi + 90◦. All Bell states clearly vio-
lates the inequality given in Eqn.(27). For example, consider
a a source emitting polarization entangled photons in the state
|Φ+〉= (|HH〉+ |VV 〉)/√2. Substituting the probability cor-
responding to the state from Eqn.(25) in Eqn.(28), we obtain
S = 2
√
2 > 2 for angles θ ′1− θ1 = 45◦, θ2− θ1 = 22.5◦ and
θ ′2−θ1 = 67.5◦. The CHSH values can be estimated from the
visibility curves (Fig. 4).
c. State fidelity : The quantum state fidelity determines
the closeness of the experimental quantum state expressed by
the density matrix ρ to a particular target state expressed by
the density matrix ρ0. It is mathematically expressed as
F(ρ) =
(
Tr
√√
ρ0ρ
√
ρ0
)2
(29)
F will have values ranging from 0 to 1 depending on the over-
lap of the experimental with the desired target state. For an
ideal state ρ = ρ0, F = 1. Typically, the experimenter’s goal is
that the target state be a pure maximally-entangled Bell state.
In this case, one often refers to the Bell-state Fidelity or sim-
ply the entanglement fidelity of a state. The Bell-state fidelity
of a classical mixed state to the maximally entangled state is
0.5. In order to determine how to calculate the Bell state Fi-
delity, let us first consider the density matrix a perfect target
state for example, the density matrix of the Bell state |Φ+〉:
ρ = |Φ+〉〈Φ+|= 1
2
1 0 0 10 0 0 00 0 0 0
1 0 0 1
 (30)
In order to evaluate the Bell state Fidelity of the two-photon
SPDC state produced in the source according to the defini-
tion above, we must first reconstruct the experimental density
matrix ρ . This can be accomplished by performing a series
of polarization correlation measurements on the two photon
state. In general, at least 16 such polarization measurements
are required to reconstruct the density matrix using a proce-
dure called quantum state tomography. However, errors and
noise in the measurement data can lead to unphysical density
matrices. A physically allowed density matrix can be obtained
using maximum likelihood estimation [43, 44]. For more de-
tailed description of the experimental estimation of photonic
qubits, the reader may refer [45].
The aforementioned procedure is not always the most ef-
ficient way of characterizing entanglement generated in an
SPDC source. Whenever the fidelity of an unknown experi-
mental state with a particular Bell state is the main property
of interest, then a complete reconstruction of the density ma-
trix is not strictly required. From the properties of the density
matrix, it can be shown that the following expression [46, 47]
gives the the Bell-state fidelity as:
F(ρˆ) =
1+VH/V +VD/A +VL/R
4
(31)
where V ∝ |E(θ1,θ2)| refers to the absolute values of the
two-photon correlation functions in three mutually unbiased
measurement bases (here linear H/V, D/A and circular L/R),
each of which which can derived from four protective mea-
surements, thus requiring only a total of 12 settings. Note that
when a lower bound on the Bell-state fidelity is sufficient the
number of required measurements can be further reduces. It
can be shown [40] that the Bell-state fidelity is lower bounded
by experimental visibilities in two mutually unbiased mea-
surement bases, e.g. in the linear horizontal vertical and di-
agonal/antidiagonal bases via the relation:
F ≥ VD/A +VH/V
2
(32)
Other frequently employed measures of entanglement are
the tangle and the concurrence, and entanglement of forma-
tion [48, 49]. The concurrence can be calculated from the to-
mographically reconstructed density matrix, or lower bounded
via:
C(ρ)≥VD/A +VH/V −1 (33)
The entanglement of formation is particularly relevant to
quantum information processing as it has clear operational
meaning; the entanglement of formation represents the min-
imal number of maximally entangled bits required to produce
produce the state via local operations and classical commu-
nication (LOCC) procedure. The entanglement of formation
may be lower bounded by the concurrence according to:
EoF(ρ)≥− log
(
1− C (ρ)
2
2
)
, (34)
The interested reader is referred to Refs. [47, 50, 51] for more
detailed discussion on measures of entanglement, in particu-
lar extension to high-dimensional and multi-partite entangle-
ment.
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FIG. 5. Some major techniques for generation and splitting of polarization entangled photon-pairs using SPDC sources: (a) Post-selection
at a beam splitter. (b) Post-selection free generation by combining photon-pairs from each port of a a polarizing beam splitter (PBS). (c)
Orthogonal decay states can also be combined using a beam-displacer. (d) Coherent addition of photon-pairs in collinear fashion using
compensation crystals. (e) Splitting of non-degenerate photon-pairs by momentum using a wedge mirror. Entangled photon-pairs in collinear
fashion can by split by wavelength using either (f) a dichroic mirror or (g) a wavelengtth division multiplexer. The red and blue dots denote H
and V polarizations respectively.
III. POLARIZATION ENTANGLED PHOTON-PAIR
SOURCES - VARIATIONS ON A THEME
Photons generated via SPDC in a single decay channel are
not inherently entangled in the polarization degree of freedom.
To see how we may obtain polarization entangled photon
pairs, let us consider two generic SPDC sources, each produc-
ing orthogonally polarized photon pairs in a sate |H,1〉s |V,1〉i
and |V,2〉s |H,2〉i, where the labels (1,2) denote any spatial,
spectral, or temporal features of the respective source. In
many experimental settings these properties are not directly
accessible, e.g. the characteristics features of the temporal
wave function occur on the ps timescale, whereas the detec-
tors’ timing resolution is on the order of ns. In order to deter-
mine the experimentally accessible polarization correlations
for a the combined SPDC emission from the two sources
|Ψ〉 ∝ |H,1〉s |V,1〉i + |V,2〉s |H,2〉i , (35)
let us consider the result of a joint projective polarization mea-
surement of the signal and idler photons in local a superposi-
tion basis |φ〉s,i = 1√2 (|H〉s,i +eiφs,i |V 〉s,i). The probability for
coincidence detection is given by
p(φs,φi) = | 〈Ψ |φ〉s |φ〉i〉 |2 =
1
2
(
1+Re
(
ei(φs−φi) 〈1|2〉
))
(36)
Hence, if the originally polarized photon pairs emitted from
the two sources are distinguishable, i.e. the labels correspond
to orthogonal states (〈1|2〉 = 0), the phase- dependent term
vanishes, and we can not observe the characteristic non-local
coherence of a polarization-entangled state. In order to di-
rectly obtain a maximally entangled Bell state (|H〉s |V 〉i +
|V 〉s |H〉i)/
√
2, the labels indicating the source of origin must
factor out of the picutre (|H,1〉s |V,1〉i → |H,3〉s |V,3〉i and|V,2〉s |H,2〉i→ |V,3〉s |H,3〉i). Only then can we consider the
state as coherent superposition of two, otherwise identical, or-
thogonal polarization states |H〉s |V 〉i and |V 〉s |H〉i.
Engineering the pairs to exhibit polarization entanglement
is thus generally associated with the concept of a ’quantum
eraser’ [52–54] to remove any distinguishing features. These
concepts have been applied to polarization entangled pho-
ton sources by using one or two beam splitters (Fig. 5(a))
to erase the photon path information. The photons are de-
tected after the beam splitter(s) and the non-local correlations
can be observed by employing post-selection and only con-
sidering a certain subset of all possible detection outcomes.
This approach, while elegant, however reduces the efficiency
of the source by at least 50% and is therefor not suitable
for loophole-free Bell-tests. First demonstrations of entan-
glement from single-path SPDC include the work by Ou and
Mandel 1988 [55] or Rarity and Tapster in 1990 [56].
By using nonlinear interferometers [57], researchers have
come up with a large variety of entangled photon-pair sources.
What follows are the general steps to be taken when realizing
a polarization entangled photon-pair source.
a. Selection of two pump decay paths: Two decay paths
with orthogonal polarization states from Type-I/0 (|H〉s |H〉i
and |V 〉s |V 〉i) or Type-II (|H〉s |V 〉i and |V 〉s |H〉i) phase
matching are used. In any case, the two decay paths must
be indistinguishable in spectral and spatial modes. It is im-
portant to note that the pump decay paths can occur within a
single process (e.g. from a single crystal [5]), or from differ-
ent processes (in different crystals e.g. crossed crystal source
[6]).
b. Superposition: The two decay paths need to be put in
a coherent superposition to obtain the entangled state. This
can be achieved by using regular or polarizing beam splitters
(Fig. 5(a) & (b)). Superposition can also be achieved by mak-
ing use of spatially overlap from beam walk-off within bire-
fringent crystals (Fig. 5(c)). Spatial filtering (using pinholes
or single mode fibers) can be used to remove residual spatial
distinguishability.
c. Temporal compensation: SPDC is a broadband pro-
cess which allows phase-matching over a broad spectrum
of wavelengths. In many source configurations, the gener-
ated SPDC output travel through dispersive materials where
the photon-pairs will pick up a wavelength dependent phase.
This results in spectral distinguishability, and thereby reduc-
ing the quality of entanglement. This wavelength dependent
phase can be removed by employing additional ’compensa-
tion’ crystals (e.g. Yttrium orthovanadate, YVO4,). Methods
of temporal compensation using birefringent crystals is illus-
trated in Fig. 5(d).
8d. Splitting: The signal and idler photons must be sep-
arated before they are useful for downstream applications.
These photons can be separated by emission angle [5, 6], po-
larization property [58], or wavelength [59]. Emission an-
gle splitting is typically associated with non-collinear SPDC.
However, this is also possible in collinear cases where the sig-
nal and idler can be split using a wedge mirror [60, 61], as
shown in Fig. 5(e). Many modern sources prepare the signal
and idler photons with different wavelengths (non-degenerate)
for easy separation. For wavelength based separation, dichroic
mirrors are a natural choice (Fig. 5(f)). However, many
dichroic mirrors comes with group delay dispersion which in-
troduce additional wavelength dependent phase between |H〉
and |V 〉 polarization states degrading the quality of entangle-
ment. Wavelength division multiplexers (WDM) based on
fused fibers employing evanescent coupling are an alternative
technology for splitting the two wavelengths without intro-
ducing the wavelength dependent phase [62, 63] (Fig. 5(g)).
In the following we detail concrete examples involving
these basic steps in a variety of geometric arrangements and
phase-matching configurations.
Non-collinear phase-matched sources
Photon-pair sources with non-collinear emission can be
grouped into three general types: 1. Single pass of the pump
through a single crystal, 2. Single pass of the pump through
two crystals, and 3. Two pump passes through a single crys-
tal. In these sources, the signal and idler photons have the
degenerate wavelengths. The major characteristics for each
category are discussed below.
1. Single crystal, single pass configuration
In this geometry, type-II phase matching is preferred where
a single crystal emitting photon-pairs polarized orthogonal
to each other can be a source of polarization entanglement
(Fig. 6) [5, 64, 65]. The signal and idler photons are emit-type-IIBBOPump H
V
HV+VH(a)
(b) HV+VH
Pump type-IIPPTKP
FIG. 6. (a) Photon-pairs emitted from a single type-II BBO crystal
[5, 64] and (b) from a single type-II PPKTP crystal [65], in non-
collinear geometry.
(a)
(b)
(c)
ൗ𝐿 2𝐿
Type-II crystal Compensation
crystal
HWP@45o
(d)
Pump Extraordinary Ordinary
FIG. 7. Temporal walk-off compensation between photons gener-
ated at the (a) entrance plane, (b) center and (c) exit plane of a SPDC
crystal. (a) Photons generated at the entrance plane will experience
maximum temporal walk-off. A half-wave plate (HWP) swaps their
polarization so that the relative delay between the photons is reduced
by half after passing through the compensation crystal. (c) Photons
generated at the exit-plane will experience a similar amount of de-
lay. This method makes the SPDC process between any two comple-
mentary planes indistinguishable in the temporal degree of freedom.
Photons generated at the center are unaffected. (d) Spatial walk-
off compensation between photons generated using a type-II crys-
tal. The extraordinary polarized pump and SPDC photons walk-off
from the ordinary polarized photons. As SPDC takes place through-
out the crystal, the ordinary photons’ output will have an elongated
distribution compared to the pump and extraordinary photons. The
half-wave plate swaps the polarization of the SPDC photons and af-
ter traversing the compensation crystal, there is better overlap of the
output. Further compensation may be possible if birefringent lenses
could be employed to further shape the output to get better overlap.
However, there is no evidence in the literature of this having been
studied.
ted in separate cones, which can be made to intersect at two
points where the polarization of the emitted photon is unde-
fined (Fig. 6(a)). The photon-pairs collected from these inter-
section points are entangled in polarization with the state
|Ψ〉= 1√
2
(|H〉s |V 〉i + eiφ |V 〉s |H〉i) (37)
By using a type-II quasi phase-matched crystal, the same
state can be obtained, but where the signal and idler cones
complete overlap (Fig.6(b)). This geometry has been very
popular with a large number of ground-breaking experiments
adopting the design. Its simple alignment requirements, and
small part number also make it a useful teaching tool. The
quasi phase-matching allows access to higher nonlinearity
leading to a relatively brighter source [65].
The temporal walkoff between ordinary and extra-ordinary
photons travelling through the crystal degrades the entangle-
9ment. This is corrected by the use of a half-wave plate and
a compensation crystal that is half the thickness of the SPDC
crystal [5] (Fig. 7(a)-(c)). This compensation technique par-
tially corrects for spatial walk-off (Fig. 7(d)). The source can
act as a ’universal Bell state synthesizer’ if a half-wave plate
is introduced in one arm and the two paths are combined at a
polarizing beam splitter [66].
Focusing of the pump brings the SPDC conditions towards
the thick-crystal regime, and the spatial-walkoff can be quite
pronounced [67]. However, with proper spatial filtering, the
entanglement visibility can be preserved at the cost of the
brightness. In general, type-II non-collinear SPDC sources
employ β−Barium Borate (BBO) as the nonlinear material.
The brightness of the sources could be improved by using
other materials with a larger nonlinear coefficient, e.g. Bis-
muth Borate (BIBO) [68].
2. Double crystal, single pass configuration
Polarization entanglement can be achieved by superposition
of photons from two successive non-linear crystals. This ge-
ometry accepts both type-I and type-II phase matching. This
technique was first reported using two thin Type-I BBO crys-
tals [6] (Fig. 8(a)). A diagonally polarized pump photon inci-
dent on the crossed crystals have an equal chance to be down
converted in either crystal. These two possible SPDC pro-
cesses are coherent, and when their spatial output overlap, the
photon-pairs can be in the maximally entangled state
|Φ〉= 1√
2
(|H〉s |H〉i + eiφ |V 〉s |V 〉i) (38)
This geometry enables non-maximally entangled states [69]
by tuning the pump polarization. Various optimization tech-
niques can be found in the literature [70–74].
HH+VV
HV+VH
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FIG. 8. Non-collinear emission of photon-pairs two crystals: (a)
crossed type-I crystals [6], (b) flipped type-II crystals [75], (c)
’beam-like’ output [76] and (d) parallel-crystal configuration with
a half-wave plate (HWP) sandwiched between the crystals [77].
Apart from the original scheme using two crossed crystals,
there has been several other two crystal alignment techniques
that have been studied. In [75], two crystals are used with
flipped optical axes (Fig. 8(b)). The emission cones with or-
thogonal polarization overlap completely removing the depen-
dence of photons’ polarization on their azimuthal positions
within the cone. This ensures entanglement of photon-pairs at
any point of the cone if proper temporal compensation is used.
Since polarization of the pump is same for both crystals, this
doubles the brightness of the SPDC output compared to [6].
Instead of emission cones, overlapping of beam-like emission
from two crystals can also be used [76] (Fig. 8(c)). Finally,
a half wave plate sandwiched between two type-I crystals can
also generate entangled photon-pairs [77] (Fig. 8(d)). Notice
that in all of these configurations, the pump field driving the
second pair-emission process, co-propagates with the SPDC
emission from the first source. In configurations with a com-
mon optical path for pump, singal and idler, phase shifts due
to changes of the path length between the two SPDC emitters
perfectly cancel, and do not contribute to the overall phase of
the polarization-entangled state. This auto-compensating fea-
ture of ’common-path configurations’ leads to long-term sta-
bility without the need for active interferometric stabilization.
3. Single crystal, double pass configuration
Another method for entanglement generation is to use two
paths for the pump beam within the same crystal. There have
been two schemes using this method. In the first scheme [78–
80], the pump, after passing through a type-I crystal, is re-
flected back (Fig. 9(a)). Additional mirrors reflect the photon-
pairs from the first pass to overlap with the output of the sec-
ond pass producing the state |HH〉1 +ei∆φ |VV 〉2, where ∆φ is
the phase difference from the path length differences. Since
any changes in the path length of the pump and the SPDC
photons will also contribute to changes in this phase shift, in-
terferometric stability of the system is required. This poses a
critical challenge, which is not present in two-crystal config-
uration. It has been shown that this scheme can be utilized
PBS
Pump
aHWP
HWP
Type-0PPKTP
Type-I/IIcrystal Pump
QWP
QWP
(a)
b
a
(b)
FIG. 9. (a) The rail-cross scheme with a single crystal [78–81]. (b)
An interferometer scheme with a single crystal in a polarizing Sagnac
loop [82, 83]. HWP - half wave plate; aHWP - achromatic half wave
plate; PBS - polarizing beam splitter; QWP - quarter wave plate.
for optimal generation of pulsed entangled photon-pairs that
give better quantum interference visibility even without spec-
tral filtering [81].
The second scheme (Fig. 9(b)) employs a quasi phase-
matched crystal inside a polarizing Sagnac interferometer
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[84]. This can be realised using a Type-0 PPKTP crys-
tal with either continuous-wave [82] or pulsed [83] pump.
Counter-propagating pump beams in the interferometer gener-
ate photon-pairs in the state |VV 〉. In one arm, an achromatic
half-wave plate (denoted as aHWP) rotates the polarization of
all beams. The photon-pair passing through the aHWP will
flip its polarization to the |HH〉 state. The output from both
arms combine at the PBS to give the state |HH〉a + eiφ |VV 〉b.
The notations a & b are used to distinguish the propagation
direction with the loop. The inherent symmetry of the Sagnac
loop configuration thus removes the need for additional com-
pensation optics. Fine-tuning of the SPDC overlap can be
done by adjusting the crystal position inside the loop.
Collinear phase-matched sources
Non-collinear emission of entangled photon-pairs enable
straightforward separation of the photons, but are generally
more complicated to align and also need a larger footprint.
Collinear emission simplifies the collection leading to brighter
and potentially more compact sources. Collinear photon-pair
sources found in the literature can be grouped into the same
categories as the non-collinear sources apart from a recent de-
sign using a double pump pass through two crystals.
4. Single crystal, single pass configuration
One of the earliest sources in this configuration made use
of type-II SPDC with a temporal walk-off compensation crys-
tal [85]. In the original implementation, the entangled stateTemporalCompensationcrystalPump
|HV⟩+|VH⟩type-II PPKTP
𝐿 𝐿/2 Beam splitter
Λଵ
Λଶ
(b) Λଵ ⇒ |𝐻⟩ఒభ|𝑉⟩ఒమ
Λଶ ⇒ |𝑉⟩ఒభ|𝐻⟩ఒమ Λଵ
Λଶ
(c) Λଵ ⇒ |𝐻⟩ఒభ|𝑉⟩ఒమ
Λଶ ⇒ |𝑉⟩ఒభ|𝐻⟩ఒమ
(a)
FIG. 10. (a) Collinear source of polarization entangled photon-pairs
using type-II PPKTP crystal [85]. Photon-pairs are produced using
(b) type-II poling along the two halves of the crystal [86], and (c)
phase-modulated domain structure of a type-II QPM crystal with in-
terlaced poling [87–89]. In both cases, different poling periods (Λ1
& Λ2) results in the emission of photon-pairs at wavelengths λ1 and
λ2 with their polarization swapped.
(|H〉 |V 〉+ |V 〉 |H〉)/√2 was post-selected from the output of
a 50:50 beamsplitter (Fig. 10(a)). We note that post-selection
can be avoided if the signal and idler photons could also be
separated using their momentum correlations (see Fig. 5(e))
although this has not yet been reported in the literature.
A different approach uses two different poling periods in
the same crystal. There are two reported schemes. In the first
scheme, two halves of the crystal have different poling peri-
ods (Fig. 10(b)), while the second scheme employs a phase-
modulated structure with two interlaced poling periods (Fig.
10(c)). In both cases, the non-degenerate photon-pairs emit-
ted due to first poling period (Λ1) are orthogonal to the pairs
from second poling period (Λ2). The collinear propagation of
both pairs gives the state
|ψ〉= 1√
2
(|H〉λ1 |V 〉λ2 + eiφ |V 〉λ1 |H〉λ2) (39)
A third approach is to convert the intrinsic position corre-
lations in SPDC into polarization entanglement [60, 90]. For
example, in a single type-0 PPKTP crystal (Fig. 11), photon-
pairs may be generated in either the upper or lower half of
the interaction volume. Using a segmented half-wave plate
to swap the polarization state of photon-pairs from one half,
followed by an α-BBO crystal to overlap the output will gen-
erate an entangled state. This can be very compact as this ge-
7/2/2020
1
Type-0 PPKTP
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45୭
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s
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FIG. 11. Schematic for conversion of position correlation to po-
larization entanglement [60]. SHWP - segmented half-wave plate;
WDM - wavelength division multiplexer.
ometry requires minimal components, and in principle can be
extended to other physical systems (such as four-wave mixing
in atomic vapor) with an extended interaction volume.
5. Double crystal, single pass configuration
An early approach used a polarizing Mach-Zehnder inter-
ferometer (MZI) with a SPDC crystal in each arm (Fig. 12(a)).
[66, 91, 92]. Entangled photons in all four Bell states can be
generated with this scheme by selecting appropriate phase-
matching combined with the correct type of (non-)polarizing
beam splitter (Fig 12(b) & (c)).
Instead of building an interferometer, a single diagonally
polarized pump can act on two crossed crystals to produce
collinear photon-pairs in the state |Φ±〉. An early attempt for
this configuration used two vertically stacked crystals with
a diagonally polarized pump passing through both of them
equally to generate entangled photon pairs (Fig. 12(d)) [93].
A similar method uses horizontally stacked crossed-crystals
instead of vertical stacking to produce collinear photon-pairs
(Fig. 13(a)). This approach can use thick crystals to give
high collection efficiency and brightness as the spatial walk-
off can be readily compensated [94]. The wavelength depen-
dent phase associated with the pump and the SPDC photons
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FIG. 12. (a) Mach-Zehnder interferometer approach [66] for the
generation of polarization entangled photons from two crystals with
collinear phase-matching. (b) Non-polarizaing beamspliters (NPBS)
are used in the case of type-I phase matching. (c) Polarizing beam-
splitters (PBS) are used for type-II phase matching. (d) Vertically
stacked crossed-crystal configuration for polarization entangled pho-
tons [93]. A diagonally polarized pump passing through both the
crystals equally produces |HH〉 photon-pair from one crystal and
|VV 〉 photon-pair from the other, which combine to give the entan-
gled pair. LP - Longpass filter.
are independently compensated using two YVO4 crystals each
in the pump and SPDC paths. This scheme enables the use of
a broadband pump.
When performing critical phase-matching there are always
spatial walk-off effects. This is more pronounced when two
crossed crystals are used because the walk-offs are not in the
same direction and produce an elongated SPDC output (Fig.
13(d)). To get the centres of the output to overlap, additional
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FIG. 13. Photon-pair sources using two crystals: (a) critically phase-
matched crossed crystal [62] and (b) critically phase-matched par-
allel [39] crystals using a half-wave plate to rotates only the polar-
ization of SPDC photons from the first crystal (c) Crossed-crystal
configuration with two quasi phase-matched crystals [95–99]. (d)-(f)
Spatial overlap of photon-pairs from (d) crossed crystals, (e) parallel
crystals and (f) crossed quasi phase-matched crystals. The overlap-
ping region is marked with cross-hatched pattern.
crystals must be used. Complete spatial mode overlap of the
SPDC output is obtained in the “parallel-crystal” geometry
(Fig. 13(b) & (e)). In contrast to the crossed-crystal scheme
where only half of the pump power is used in each crystal,
the parallel-crystal configuration utilizes the full pump power.
One drawback of using parallel crystals is that a broadband
pump cannot be used. The elongated SPDC output can be
avoided using quasi phase-matching [95–99] (Fig. 13(c) &
(f)).
Using periodically poled crystals also enables type-0 and
type-II phase-matching. In all cases, however, the wavelength
of the SPDC output from both crystals must be matched care-
fully. For critical phase matching, the angle tuning and sta-
bility is important, while for periodically poled materials, it is
the temperature control that must be maintained.
6. Single crystal, double pass configuration
In the collinear emission type sources, another way to ob-
tain two different decay paths is to propagate the pump beam
twice through the same SPDC material. This avoids having to
compensate for material defects in different crystals (assum-
ing the single crystal is uniform). This section reviews the
set of schemes that use a double pass through the same crys-
tal and they all employ interferometric techniques such as the
Michelson, Mach-Zehnder and Sagnac designs. In some of
these cases, the full pump power can be used in each pass,
leading to brighter sources.
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FIG. 14. (a) Folded Mach-Zehnder [100, 101] and (b) Sagnac [58,
102–106] configuration using a single crystal. DM - Dichroic mirror
Figure 14(a) shows the folded Mach-Zehnder scheme
where entangled photons are generated by bidirectional
pumping of a single crystal [100]. The photons generated in
each direction are filtered out using dichroic mirrors. An addi-
tional arm manipulates the photon polarization before recom-
bination to produce the entangled state |Ψ±〉. This scheme
can also work with type-0/I crystals [101].
The major disadvantage of the scheme in Fig. 14(a) is
that it requires two different interferometers to be stabilised.
Common-path interferometers based on the Sagnac design
[102]) have improved stability. The first entangled photon
source using this scheme employed a type-I BBO crystal with
post-selection at a beam-splitter [107]. Modern designs, how-
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ever, do not need post-selection and instead use a polarization
beam splitter as the first element (Fig. 14(a)). This polarizing
Sagnac configuration [84] is currently one of the most com-
mon sources in modern studies as it supports the use of all
types (0,I & II) of phase-matching [58, 59, 103–106]. This
design also has progressed to field deployment [108], and has
been demonstrated on the Micius spacecraft [109].
|HH⟩|V⟩ |VV⟩|V⟩|VV⟩
|VV⟩
|V⟩|V⟩
หΦേൿ
SPDC
Pump
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QWP
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DM Type-0PPKTPPump
FIG. 15. ’Folded sandwich’ configuration. This is similar to the
scheme in Fig. 13(b) with a waveplate that is “sandwiched” between
two SPDC decay-paths. The quarter waveplate in this diagram ro-
tates only the polarization of the SPDC photons. This source holds
the record for observed brightness in the literature. [63, 110].
The Sagnac scheme has advantages in stability, but has a
larger physical footprint as there is always an enclosure that
is unused. Furthermore, the separation of the pump beam into
two parts means that the SPDC production in each arm is not
utilising the full pump power. A compact and bright source
fully utilising the pump power is the “folded-sandwich” de-
sign (Fig. 15) [63, 110]. The folded-sandwich design uses
less components and the full pump power is utilised in each
pass. To date, this design holds the record in the literature for
detected brightness. The design is not intrinsically stable and
generally requires active stabilisation.
To combine the advantages from the previous designs, i.e.
better stability and reduced physical footprint, it is possible to
use the concept of a linear displacement interferometer (Fig.
16). In this scheme, the pump does not backtrack on itself, but
takes two distinct paths through the material.
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FIG. 16. Schematic of (a) integrated double-pass polarization Sagnac
interferometer [111] and (b) linear displacement interferometer [61,
112].
One approach uses a loop-back configuration (Fig. 16(a))
where the pump beams pass through two different regions
of the same crystal. The design uses achromatic waveplates
to manipulate the polarization of both pump and SPDC pho-
tons. This particular Sagnac design can be used for all phase-
matching types. The other approach would separate the pump
beams laterally to propagate in the same direction through the
crystal [61, 112] (Fig. 16(b)). This linear beam-displacement
interferometer is intrinsically very stable.
7. Double crystal, double pass configuration
When two crossed crystals are oriented in a polarizing
Sagnac loop, entangled photon-pairs can be obtained using
time-reversed Hong-Ou-Mandel interference [113] (Fig. 17).
This enables photon-pairs with the same color to be determin-
istically separated without using dichroic mirrors or momen-
tum correlations. This was first reported for fiber-based sys-
tems, but has also been implemented for bulk crystals [114].
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FIG. 17. (a), (b) Two cases of time-reversed Hong-Ou-Mandel
(HOM) interference [113]. (a) In the case for first input, two pho-
tons with diagonal or anti-diagonal polarization from one input port
will split at a polarizing beam-splitter to H and V polarizations in
first and second output ports. (b) In the case for second input, The
photons will be separated with swapped polarizations at the output.
(c) Two-crystal Sagnac scheme based on time-reversed HOM inter-
ference [114]. (d) Source of entangled photon-pairs based on double-
crystal interferometer [115]. BD - Beam displacer.
A modified linear interferometric source based on double
displacement technique was recently introduced [115] (Fig.
17). In this scheme, two beam displacing (BD) crystals are
used in the input and output and this can also achieve spa-
tial and temporal balance, leading to a high quality entangled
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photon-pair output.
A comparison of the performance for major polarization
entangled photon-pair sources in near-infrared and telecom
wavelengths with their performance parameters can be found
in Tables I and II, respectively.
8. Polarization-entangled photon sources based on
cavity-enhanced PDC
Typically, single-pass SPDC produces photon pairs with a
bandwidth that corresponds to the phase mismatch ∆k < pi
which typically spans many 100 GHZ. The bandwidth of these
sources can be reduced by passive filtering using narrow-band
spectral filers or by placing the SPDC-crystal inside a res-
onator. The advantage of the passive filtering approach is its
flexibility - almost any spectral profile can be ’cut out’ from
the emission spectrum. However, in order to counteract the
filter losses that occur in this process, a correspondingly high
number of emitted photons is required.
Alternatively, it is also possible to imprint the desired spec-
tral characteristics on the generation process itself, by embed-
ding the nonlinear medium in a resonant cavity. In this case,
the cavity finesse and the ratio of its free-spectral range with
respect to the natural phase-matching bandwidth - as well as
which of the fields (p,s, i) are on resonance - all act together
in determining the photons’ spectral properties. Depending on
how many of the interacting fields are resonantly enhanced,
one distinguishes between singly-, doubly-, and triply reso-
nant cavity PDC configurations.
When the signal and/or idler photons are on resonance, the
SPDC emission is squeezed into frequency modes permitted
by the optical cavity, resulting in a series of emission peaks
with reduced spectral bandwidth. Cavity enhanced SPDC
thus prolongs the coherence time of the created photon pairs
[116] and enhances the spectral brightness within the reso-
nance bandwidth by a factor of up to F2, where F is the Fi-
nesse of the resonator. Another advantage of this approach
is that locking the cavity to another material system, allows
to produce entangled photons that spectrally match another
quantum system of interest such as atoms or ions which are
relatively narrow band of just a few MHz.
Since the first theory papers on this topic, several groups
have reported on narrowband photon pair sources based on
cavity-enhanced SPDC. A detailed account of the body of ex-
perimental research is beyond the scope of this article, and-
can be found in Ref. [117]. The following section merely
highlights some of the work on polarization-entangled photon
sources with cavity-enhancement.
In 2000, Oberparleiter et al. demonstrated a SPDC source
for polarization entangled photons with a pump cavity [118],
thereby enhancing the effective pump power for a 2 mm BBO
crystal by a factor of 7, while observing a polarization cor-
relation visibility of up to 96%. The bandwidth of the 702
nm SPDC photons remained relatively broadband, about 5 nm
FWHM.
Producing narrow-band SPDC, on the other hand, requires
a cavity for the SPDC signals themselves, essentially repre-
senting a optical parametric oscillator (OPO) that is operated
below threshold [119]. An important application of narrow-
band photons is compatibility with atomic resonances. One
such design weas demonstrated by Kuklewiecz et al. [120],
where a cavity around a PPKTP crystal with a free-spectral
range of 1.21 GHZ generated 795nm SPDC signals with a
bandwidth of about 22 MHz, and a spectral brightness of 0.7
pairs/s/mW/MHz. Polarization entanglement was not imple-
mented in that design.
The generation of narrow-band polarization-entanglement
in cavities is associated with the additional challenge that
resonance conditions for orthogonal polarizations must be
matched inside the cavity. Polarization-etnanglement can then
be achieved in post-selection[121, 122] or by superimpos-
ing narrowband pair emission processes on a polarizing beam
splitter.
One example for cavity enhanced polarization entangle-
ment was demonstrated by Bao et al. in 2008, who reported a
narrow-band polarization entangled photon source [123] gen-
erating pairs at 790 nm with about 9.6 MHz bandwidth (or a
32 m coherence length), and a entanglement visibility of about
94%. The spectral brightness was reported at about 6× 103
pairs/s/MHz/mW. In this source, polarization entanglement
was generated in post-selection on coincidence events after
probabilistic separation on e.g. a beam splitter.
The first report, to the best of our knowledge, of a narrow-
band cavity-enhanced source without the requirement for
post-selection was reported in Ref. [124], where photons were
deterministically separated by embedding a resonant down-
conversion cavity inside a polarization Sagnac loop Configu-
ration.
More recently, the other forms of entanglement have also
been studied in cavities. In resonators with corresponding
dispersion properties, complex emission profiles with mul-
tiple resonances can also be realized, a so-called bi-photon
frequency comb [125–127]. Such an approach was recently
used to demonstrate frequency-bin entanglement [128]. Simi-
lar approaches have recently been demonstrated in micro-ring
resonators in silica [129], aided by the great flexibility in en-
gineering dispersion on this platform.
IV. COMPARISONWITHWAVEGUIDE SOURCES OF
ENTANGLED PHOTONS
Sources of entangled photon pairs based on non-resonant
SPDC in periodically poled crystals and bulk-optical systems
are highly flexible and still mark the state of the art with re-
spect to several critical performance characteristics (see Ap-
pendix for a detailed comparison). They are, however, sub-
ject to practical limitations with respect to their scalability
to higher mode and photon numbers, overall footprint, as
well as to the complexity of the possible state transforma-
tions. To this end, integrated photonic technology offers a va-
riety of promising platforms for ultra-compact turn-key pho-
ton sources that will be discussed briefly in the following. For
the sake of consistency with the scope of the previous sections
on bulk SPDC sources, this section will cover only source
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based on SPDC in second-order nonlinear materials, and re-
fer to Ref. [129] for a comprehensive review on the topic of
integrated sources based on SFWM in structured fibers and
chip-integrated micro ring resonators.
Integrated waveguide structures may be realized in a num-
ber of second-order nonlinear materials, such as poled silica
fibers, planar waveguides in KTP and LN, and semiconductor
Bragg reflection waveguides [130]. Due to stronger mode-
confinement in waveguides, the spectral efficiency of PDC
scales beneficially with the length of the nonlinear interac-
tion region (∝ L2, as opposed to ∝ L in bulk crystals [131]).
The propagation parameters of the guided modes are critical
in establishing modal phase-matching [132], and it can actu-
ally be used to accomplish phase matching in non-birefringent
materials such as Gallium-Arsenide [133].
Additionally, guided wave technology promises additional
functionalities such as the integration of narrow-bandwidth
Bragg filters for pump suppression, fiber-based wavelength
division multiplexers, tunable on-chip routing of photons via
ultra-fast electro-optic modulators, and - most importantly -
the possibility of dispersion engineering for biphoton states in
order to tailor their spectral properties, e.g. spectrally pure
biphoton states for multi-photon experiments at low pump
powers. In the telecom wavelength range sources based on
SPDC in periodically-poled lithium niobate waveguides have
emerged as one of the key platforms for photonic integration,
owing in particular to the maturity of fabrication processes
adapted from classical telecommunication systems. It should,
however, be mentioned that fabrication and poling technolo-
gies for other materials, such as Stoichiometric Lithium Tan-
talate (SLT) and Potassium Tantalate (KT) rapidly advanc-
ing, making these very promising platforms for future PDC
sources.
Dating back as early as 2003, Yoshizawa et al. reported
on a source consisting of two type-0 PPLN waveguides
in a fiber-based Mach–Zehnder interferometer configuration.
Since then, several other groups have adapted the previously-
mentioned bulk optics polarization-entangled photon schemes
to on-chip platforms. In-fiber Sagnac loop configurations be-
ing a particularly popular choice, owning to the intrinsic phase
stability of this configuration, without the stringent alignment
tolerances of the bulk optical counterpart [16]. A very dif-
ferent approach, was demonstrated by Hermann et al. [134].
Using mature PPLN poling technology, an integrated waveg-
uide chip with two interlaced poling periods was realized. The
poling periods where chosen for type-II SPDC at slightly dif-
ferent wavelengths, so that a post-selection free, integrated op-
tical source of non-degenerate, polarization-entangled photon
pairs was achieved. Refining this approach, Sun et al. [135]
recently demonstrated polarization entanglement with a state
fidelity of >95% and an estimated pair generation rate inside
the waveguide of 1.22×107 pairs/s/mW/nm.
Next to the adaptation of bulk optic source schemes dis-
cussed in the preceding sections, readily available fiber-based
wavelength-division multiplexers, with channel spacing far
below the typical PDC bandwidth have enabled novel inte-
grated sources that do not have a bulk-optics counterpart. Ref
[136] demonstrated polarization entangled photon source op-
erating at 1540 nm employing type-II PPLN waveguide and
a polarization-maintaining fiber for walk-off compensation, a
cascade of two dense wavelength division multiplexers was
used to determnistically separate signal and idler photons into
distinct channels of the ITU wavelength grid. Later, the same
group reported a source configuration based on SPDC in a
type-0 PPLN waveguide. Polarization entanglement was pre-
pared by mapping temporal entanglement to the polarization
domain using an unbalanced Mach-Zehnder interferometer
with in-fiber polarization beam splitters and detection by post
selection.[137].
Another promising platform for in-fiber photon pair genera-
tion is based on inducing a second-order nonlinearity in glass
by thermal poling or UV illumination in a strong (typically
kV) field. Upon cooling of the sample, a residual electric
field remains, thus breaking the materials centro-symmetry
and inducing a potentially strong second-order nonlinearity.
A significant advantage of this approach is that it allows for
the generation of entangled photons directly within an opti-
cal single mode fiber. After the pioneering work demonstrat-
ing parametric fluorescence in poled fibers in 1999 [138], this
approach has since led to several high-performance sources.
For example, Ref. [139] reported on the generation of polar-
ization entangled photons with visibilities of more than 97%
via a type-II quasi phase-matching in a poled polarization-
maintaining fiber. Further optimization of this scheme has
led to sources with high-fidelity polarization-entanglement
over spectral bandwidths approaching 100 nm, making these
sources highly suitable for multiplexing in fiber networks
[140].
In conclusion, integrated platforms such as on-chip waveg-
uides, nonlinear fiber optics and resonant nonlinear microres-
onators offer not only practical advantages such as reduc-
tion of form factor and improvement of long-term stability,
but also the possibility to significantly increase pair genera-
tion rates, mode numbers and coherence. These sources hold
great promise for future applications - in particular, once the
demand for efficient pair sources reaches levels that require
scalable mass-producable devices. At present, however, with
the exception of reported emitted pair rates, integrated optics
sources are yet to match the performance of their bulk-optical
counterparts in key parameters for quantum optics experimen-
tation such as fiber coupling efficiency [141, 142] and entan-
glement fidelity [143]. This is owing mostly to the larger total
loss (as reflected in the lower heralding efficiency typically
observed for on-chip sources, see comparison in Appendix)
and will undoubtedly be tackled with increasing availability
of ultra-low-loss on-chip components and maturity of fabri-
cation processes. As an intermediate alternative solution, hy-
brid approaches promise the best of the two worlds. In Ref.
[13], the authors reported on a hybrid bulk-waveguide source
with performance close to the best bulk-optics sources. In this
scheme photon pairs were produced in a type-II PPLN waveg-
uide, which was bi-directionally pumped inside a bulk Sagnac
loop configuration. A similar approach based on SPDC in
generated in a PPLN waveguide with the more effiecient type-
0 QPM interaction was recently demonstrated to achieve even
higher performance [144].
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The intention of this section was to highlight the vast
amount of research dedicated to integrated entangled photon
sources. For a more comprehensive review on the topic of
integrated source technology based on SPDC, the reader is re-
ferred to Refs. [145, 146].
V. PHOTONIC ENTANGLEMENT IN OTHER DEGREES
OF FREEDOM
The correlations between photon-pairs in SPDC extend
beyond polarization to include position-momentum, energy-
time and spatial modes. From these correlations it is pos-
sible to implement entanglement using different degrees of
freedom. This can lead to hyper and hybrid entanglement.
Hyper entanglement occurs when the photon-pair has entan-
glement in two or more degrees-of-freedom [147]. Hybrid
entanglement occurs when different degrees of freedom are
entangled (e.g. polarization and spatial mode [148]). These
non-polarization entanglement arise from the conservation of
momentum and energy (Eqns (13) & (14)), and can be classi-
fied accordingly.
Entanglement from momentum conservation
1. Spatial entanglement
Photon-pairs produced by SPDC are correlated in posi-
tion, as they are generated at the same position in the inter-
action volume, and are anti-correlated in momentum due to
momentum conservation [149]. Position correlation is com-
monly measured using 4 f -imaging (Fig. 18(b)), whereas mo-
mentum correlations are measured using 2 f -imaging (Fig.
18(b)). These correlations have been used to demonstrate the
Einstein-Podolsky-Rosen paradox [150, 151].
These correlations can give rise to spatial entanglement
(sometimes also known as transverse entanglement, or pixel
entanglement) when the position or momentum state is dis-
cretized [154, 155]. Experimentally, this is done using multi-
ple slits [152, 156], coupling into a fiber array [? ] or with pro-
grammable optical devices [157]. Imaging of transverse spa-
tial entanglement uses either a raster scanning method [158]
or low-light imaging devices [159]. An alternative approach
to spatial entanglement is by proper domain engineering and
linear chirping of quasi phase-matched crystals [160, 161].
Photon-pairs from diametrically opposite points on a non-
collinear SPDC output are used for path encoding for multi-
path entanglement (Fig. 18(e)) [153]. Spatial entanglement
has applications in non-local imaging [162] and demonstra-
tion of higher dimensional quantum protocols [163, 164].
2. Orbital angular momentum entanglement
Light beams carrying orbital angular momentum (OAM)
have received attention due to applications in optical tweez-
ers and optical communication. [165]. The Laguerre-Gauss
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FIG. 18. Experimental schemes for measuring (a) position correla-
tion of photon-pairs using 4 f -imaging and (b) momentum correla-
tion of photon-pairs using 2 f -imaging. Spaitally entangled qubits
can be prepared using imaging of double-slit [152] (c) in position
space (x,y), or (d) in transverse momentum space (kx,ky). (e) La-
beling of the correlated pairs of SPDC modes. Photon A (B) can be
collected with equal probability into one of the four modes |1〉 j, |2〉 j,
|3〉 j and |4〉 j ( j = A,B). The four photon-pairs lead to multi-path en-
tanglement [153]. PH - Pinhole.
mode was the first to be identified to carry a well defined OAM
[166, 167]. The OAM modes have a doughnut-like inten-
sity distribution and a helical phase structure where the phase
changes azimuthally around the optic axis. Such beams are
also known as optical vortices. These beams can be generated
using holography where a Gaussian beam diffracted through a
forked holographic grating generate an OAM mode in the first
order (Fig. 19(a)).
The use of OAM modes enables photons to access a degree-
of-freedom which spans an infinite dimensional Hilbert space.
In contrast, polarization is restricted to two-level systems. In
SPDC orbital angular momentum is also conserved, lp = ls+li,
where lp, ls are li are OAMs of pump, signal and idler respec-
tively [169]. A pump beam with a Gaussian intensity distribu-
tion has lp = 0 and imposes a condition of ls =−li. The OAM
state of the SPDC output is then given by
|ψ〉=
∞
∑
l=−∞
al |l〉s |−l〉i (40)
where al is the probability amplitude for the state |l〉s |−l〉i.
Realization of OAM entanglement is achieved by restricting
the dimension via post selection.
In the first experimental verification of OAM entanglement
[168], the Hilbert space is restricted to {|1〉, |−1〉}. To mea-
sure the correlations in OAM, the photon-pair is diffracted
through a pair of holograms before collection into a single
mode fiber (Fig. 19(b)). An alternative method uses spiral
phase plates [170] and sector plates [171–173]. The use of dy-
namic spatial light modulators (SLM) instead of static mode
projectors gave a significant boost in the OAM entanglement
experiments. SLMs allow the use of any desired projected
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FIG. 19. (a) Generation of OAM modes using grating holograms.
(b) OAM modes can be detected using ’phase-flattening’ technique
where the incoming azimuthal phase of the mode (eilφ ) is nullified
after passing through a hologram containing azimuthal phase in op-
posite order (e−ilφ ). (c) Generic scheme for the detection and anal-
ysis of OAM entanglement in SPDC [168]. Using phase-flattening
technique, the output phase-nullified distribution in each arm is cou-
pled to a single-mode fiber.
spatial mode which can be changed dynamically without any
realignment in the experiment [174–176]. This leads to the de-
velopment of various methods for generation and analysis of
muti-dimensional quantum states with a single pair of photons
[177–179] as well as multi-pair systems [180]. Alternatively
even and odd states of OAM could be used as measurement
basis in quantum information tasks involving OAM entangle-
ment [181].
In the above examples, there is only one sub-space for the
OAM states, corresponding to lp = ls+li. Increasing the num-
ber of lp states in the pump, would increase the number of
sub-spaces [182–185]. The bandwidth of the OAM spectrum
can be controlled by adjusting the pump waist [186]. The
two photon OAM spectrum of photon-pairs is not uniform as
the contribution of higher OAM in Laguerre-Gaussian basis is
less due to the dependence of OAM on the radial part of the
mode [187]. Also, there is significant effect of atmospheric
turbulence on the OAM content in the spectrum [188, 189],
which causes decay of high dimensional entanglement [190].
To overcome some of these effects, entanglement of OAM
were investigated with other elegant spatial modes [191–195].
Entanglement from energy conservation
The conservation of energy in SPDC ensures frequency cor-
relation and simultaneity in the generation of the photons in
each pair. The time-bandwidth product of a photon obeys
the uncertainty principle, ∆E∆t ≥ h¯/2, where ∆E and ∆t are
uncertainties in energy and time of the photon, respectively.
However, for a photon-pair in SPDC, the joint uncertainties
∆Esi = ∆(Es +Ei) and ∆tsi = ∆(ts− ti) of signal (s) and idler
(i) violate inequality for the classical separability bound [150],
leading to different forms of entanglement in the temporal
degree-of-freedom. This can allow high-dimensional entan-
gled states which can be distributed over fibre, along with po-
larization encoding, to increase the capacity of quantum com-
munications.
3. Energy-time entanglement
Energy-time entangled photonic states have been realized
through SPDC [196–200], following the proposal by Franson
[201]. Entanglement in such systems is characterized by anal-
ysis of Bell states [202] from correlated interference effects.
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FIG. 20. (a) Experimental schematic for generation of time-energy
entangled photons using SPDC [196–201]. (b) The ’hug’ type
scheme of time-energy entangled photon source [203].
The basic experimental scheme for energy-time entangle-
ment using SPDC is given in Fig. 20(a). An unbalanced in-
terferometer is introduced in each SPDC arm such that the
time delays in both interferometers are much larger than the
coherence times of individual photons, but much smaller than
the coherence times of photon-pairs. The interference effects
show up from the joint measurement of photon-pairs. Coinci-
dence events are detected when a photon-pair travels through
either ’longer’ arms (l) or ’shorter’ arms (s) of the interferom-
eters. So, the entangled state created by SPDC pairs is
|ψ〉= 1√
2
(|s〉 |s〉+ eiφ |l〉 |l〉) (41)
In the schemes discussed above, the fringe visibility is lim-
ited by slow detectors and lower counts due to restriction of
coincidence window. The interference visibility was signif-
icantly improved by means of post-selection using fast pho-
todetectors [204]. The reduction in coincidence detection
due to post-selection is eliminated by the use polarization
entangled photon source with Type-II crystal [5] to demon-
strate energy-time entanglement [205]. Energy-time entan-
gled states in high dimensions were also demonstrated with
continuous-wave SPDC sources [206–209] and discretization
of frequency spectrum using spatial light modulators for la-
belling qudits [210]. It was proposed that the use of multiple
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Franson interferometers in Alice and Bob increases the sen-
sitivity against certain photon localization attacks in high di-
mensional energy-time entanglement based quantum key dis-
tribution systems [211].
Some major schemes for energy-time entanglement dis-
cussed above suffer from an intrinsic post-selection loophole
(PSL) [212] as well as a geometrical loophole (GL) that could
affect the security of communication [213]. The polarization
and energy-time hyper-entanglement realized in SPDC [214]
is exploited in overcoming PSL [205] and utilized in distribut-
ing entanglement through intra-city free-space link [40]. To
address PSL and GL, a ’hug’ type configuration for genuine
time-energy entanglement based on interferometers wrapped
around the photon-pair source, was introduced [203] (Fig.
20(b)). Sources based on this have a mutual interlocking of
interferometers and are convenient in table-top experiments
[215, 216]. Although such scheme is practical in distribu-
tion of entanglement over larger distances [217], the source
requires stabilization of longer interferometers.
As a concluding remark, we note that - much like spa-
tial mode entanglement, the continuous energy-time entangle-
ment may also be decomposed into field orthogonal temporal
modes. To make the number of temporal modes experimen-
tally tractable, discrete time-energy entanglement, so-called
temporal-mode entanglement, typically involves SPDC with
ps pump pulses. Detection of field orthogonal temporal modes
can be accomplished either using SFG techniques or ultra-fast
EOM. For a review refer to Ref. [218].
4. Time-bin entanglement
Similar to energy-time entanglement, Franson interferome-
ters are also used to generate time-bin entanglement but with
a pulsed pump [9, 219, 220]. The experimental scheme is
shown in Fig. 21(a). Entanglement is characterized by three-
fold coincidence measurements in gated mode with the pump
as the trigger. Unlike energy-time entanglement, this design
does not need information about the coherence of the pump
laser because the information of arrival times of the pump at
the crystal is obtained directly from the pump superposition
state in the bases |early〉 and |late〉. The use of all fiber Michel-
son interferometers along with Faraday mirrors in the pump as
well as down-converted arms, makes the source compact and
suitable for long distance fiber based quantum communication
[221, 222]. Time-bin entangled qubits are also constructed
using SPDC with a multi-mode continuous-wave pump [223]
based on coherence revival of such lasers with short coherence
length [224, 225].
Instead of an unbalanced interferometer, an alternative
method of giving temporal delay between pulses was imple-
mented based on a combination of α-BBO, quarter-wave plate
(QWP), half-wave plate (HWP) and a polarizing beam splitter
(PBS) [226] (Fig. 21(b)). Another method is the generation of
active time-bin states with a modified Franson interferometer
after replacing the input beam-splitter by a balanced Mach-
Zehnder interferometer (MZI) [227]. The MZI acts as a fast
optical switch that makes the ’early’ and ’late’ photon pulses
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FIG. 21. (a) Experimental schematic for generation of time-bin en-
tangled photons with pulsed pump [9]. A pump pulse is split into
two pulses with a time delay, upon passing through the interferome-
ter. The ’early’ and ’late’ pulses coming after the interferometer con-
stitutes the state α |early〉pump +β |late〉pump. The photon-pair from
an early pump pulse traversing longer arms of the interferometers
are indistiguishable with the pair from a late pump pulse traversing
shorter arms. So, the joint state is α |early〉s |early〉i +β |late〉s |late〉i,
which is similar to the energy-time correlations obtained from Fran-
son’s experiment [201]. The red and black circles denote the photons
generated from ’early’ and ’late’ pump pulses respectively [226].
(b) Scheme for single path Franson interferometer using α-BBO,
quarter-wave plate (QWP) and a half-wave plate (HWP). α-BBO
splits the initial horizontally polarized photon to diagonal and de-
layed anti-diagonal pulses. The QWP converts them to right and left
circular polarizations. The HWP introduces a phase between the cir-
cularly polarized photons. Both polarizations are projected to the
horizontal state upon transmission through the PBS.
in the measurement interferometer indistinguishable.
Another interesting configuration is the generation of
hybrid-entangled states, such as polarization for one photon,
and and time-bin encoding for the other. A straight forward
method to implement such entangled states is to utilize a
source for time-bin entangled photon pairs, and effectively
convert the time-bin state of one photon into a polarization
state using a polarized unbalanced interferometer [11].
5. Frequency-bin entanglement
Time-energy and time-bin entanglement has been success-
fully distributed in numerous experimental field trials and
proof-of-concept experiments. While the generation of entan-
glement of this form is relatively straightforwardly obtained
via SPDC, the analysis of energy-time and time-bin superpo-
sition states typically requires actively stabilized unbalanced
interferometers. Another promising manifestation of entan-
glement due to energy conservation is entanglement of dis-
crete frequency bins [196, 228], superposition of which may
be analysed using microwave domain electro-optic modula-
tion and optical waveshaping techniques [229] or quantum in-
terference on a beam splitter [230].
Frequency entangled states may be generated by adap-
tive approaches discussed in the context of polarization-
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entanglement. For example, in Ref. [231] the authors used
a modified Sagnac loop geometry with non-degenerate sig-
nal and idler wavelengths, to generate tunable entanglement
of frequencies separated by up to 10 THz, without additional
spectral filtering. Likewise, modified crossed-crystal configu-
ration [232] and two-period quasi-phase-matched parametric
down conversion [233] have been used to this end.
Frequency-bin entanglement of many narrowband fre-
quency modes – a biphoton frequency comb [125] – may
be achieved by engineering cavity-enhanced SPDC to exhibit
multiple narrow-band resonances [128], an approach that is
also highly suited to photonic integration, in particular on-chip
micro-ring resonators [234]. Moreover, the approach has al-
ready been combined with entanglement in polarization [127]
and time-bin [235] – a hyperentangled frequency comb – as a
very promising platform for high-dimensional quantum infor-
mation processing.
VI. APPLICATIONS
Development of SPDC entangled photon sources using dif-
ferent generation techniques has motivated researchers for
their use in major quantum based applications. For a po-
larization entangled source, the major performance parame-
ters such as source brightness, pair-to-singles ratio and en-
tanglement fidelity determines its suitability for different ap-
plications. Time-energy and time-bin entanglement have been
well widely exploited for long-distance fiber communications.
Spatial correlations and orbital angular momentum entangle-
ment of photon-pairs are used in quantum metrology, imaging
and sensing applications [236–240]. Some of the major ap-
plications of SPDC entangled photon sources are discussed
below. Also, Table IV gives the list of some applications of
entangled photon sources and their practical realization using
different source designs.
A. Fundamental quantum physics
Presence of non-local correlation of photon-pairs in dif-
ferent degrees of freedom makes SPDC sources a useful re-
source for testing foundations of quantum physics [241, 242].
Non-collinear source of polarization entangled photon-pairs
are widely used in experiments for testing foundations of
quantum physics, such as complementarity principle [243],
delayed-choice quantum eraser [244], non-locality [245, 246]
and EPR steering [247]. Recently, similar experiments for
testing fundamental quantum physics [248–250] make use of
sources with stable Sagnac interferometric designs [58, 102–
106], which ensures compactness for their use in both labora-
tory as well as outdoor environments. Non-collinear sources
with overlapping SPDC cones are a useful resources for multi-
path experiments involving two or more entangled photon-
pairs from different parts of the cone [251].
B. Multi-photon experiments
Correlation and entanglement among three or more pho-
tons are experimentally realized using photon-pair sources
by entangling two independent photons each from separate
sources, based on quantum interference [252]. This typi-
cally involves the use of ultra-fast pumped SPDC and the
technique of forcing indistiguishability [17] of photons from
photon-pairs through narrow-band filtering, which was used
first used in quatnum teleportation experiments[253]. Another
method is group-velocity matching of pump and signal (or
idler) pulses, to achieve high-quality multi-pair interference.
The group-velocity matching can be achieved through careful
design and selection of the SPDC phase matching and con-
figuration to generate bi-photon states that leave the photons
spectral uncorrelated states. For instance, by using 5mm thick
KDP, pumped with 415nm, 50 fs pulses Mosley et al. [254]
where able to achieve two-photon interference for the 830 nm
photons generated from two different SPDC processes with
around 90%, without applying the filtering technique. An-
other approach is to match the group-velocities through ge-
ometric configuration of the emission cones. For instance,
1550nm photon pairs produced from type-II SPDC in BBO,
will match the group velocity of the pump event at modest
emission angles of 3◦ [255], allowing to control the spectral
correlations with optimal beam waists (ca. 100µm) and pump
pulse length (90 fs).
C. Quantum communication
Entangled photon sources are advantageous in QKD
schemes [256, 257] because the inherent randomness in the
generation of photon-pairs leads to pure random key genera-
tion. Energy-time and time-bin qubits are extensively used for
demonstrating quantum communication over large distances
through optical fiber [222, 258–275]. Recently, distribution
of multidimensional entanglement in spatial degrees of free-
dom through long fibers was demonstrated [276–278].
While several ground-based QKD or Bell-test experiments
were performed using non-collinear polarization entangled
photon-pairs [279–283], some realizations used the brighter
and more stable Sagnac sources to reach record distances of
up to 144 km on ground [284, 285]. Free-space distribution of
high dimensional entanglement using spatial modes of light
was demonstrated [286–288].
Quantum communication based on satellites can benefit
from a quadratic loss scaling, and therefore overcome the ex-
ponential scaling of losses which is a major drawbacks of
ground-based QKD systems. Different schemes for perform-
ing satellite QKD are depicted in Fig. 22. Micius - The
first satellite which successfully demonstrated the distribution
of polarization entangled photon-pairs over 1200 km from a
Sagnac SPDC source [109]. Following this, intercontinental
communication networks was established [290–292].
Because the satellite-ground link is inherently variable due
to satellite motion, the optimal pair-production rate for en-
tangled photons will also vary. This is due to the increase
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FIG. 22. Illustration of different schemes for performing satellite
QKD. Scenarios (1) and (2) depict a downlink and an uplink, re-
spectively, while in scenario (3) a downlink is simulated by using a
retro-reflector on board the satellite. In (4) pairs of entangled photons
are being transmitted to Earth so that two ground stations can share
entangled states. Finally, scenario (5) illustrates how inter-satellite
links can allow more complex satellite QKD networks. Image taken
from [289].
of multi-photon emissions at higher pump powers. In 2013,
Holloway et al. [293] modelled satellite-QKD links and
found that the optimal pair production for SPDC entangle-
ment sources could vary between <1 MHz up to 500 MHz,
depending on the link losses, detector timing performance and
background noise. And, during the pass of a low-earth-orbit
satellite the optimal SPDC pair rate would even have to be
adjusted to match the instantaneous link conditions. In par-
ticular, the uplink scenario depicted in Fig. 22(2) could make
use of various quantum sources at the ground station [294],
and implementing a high-performance, tunable-rate entangled
photon source is certainly feasible.
The development of low-cost nanosatellites carrying com-
pact entangled photon sources has become popular in the
quantum space race [295–297]. Iterations of small photon
entangling quantum system (SPEQS series) aimed on achiev-
ing optimal performance of source as required for entangle-
ment distribution and satellite QKD [298]. The robustness
of such sources under harsh environments was verified [299–
301]. An all-in-line design of polarization entangled pho-
ton source [39] was used in a quantum nanosatellite which
successfully demonstrated polarization entanglement distribu-
tion to the ground [302]. Future mission aims at deployment
and testing of high performance entanglement-QKD system
in space with the use of photon-pair source based on linear
displacement interferometer [61]. Recently, a drone-based en-
tanglement distribution using unmanned aerial vehicle (UAV)
was introduced, which offers a full-time all-location multi-
weather coverage in a cost-effective way [303].
Apart from a free-space atmospheric channel, quantum
communication in a water environment has attracted re-
searchers due to the fact that major part of Earth’s area com-
prises of water. Recent theoretical studies [304] and experi-
mental demonstrations [305, 306] with entangled photon-pair
sources show promising avenues for underwater quantum net-
working.
D. Quantum sensing, metrology and imaging
SPDC sources generating entangled photons are found to
be useful in the broad field of quantum sensing [237], which
includes the enhancement of quantum resources for the de-
tection of faint objects, extraction of information from optical
memories and optical resolution of extremely close point-like
sources. Photon-pair sources are effectively used for quantum
sensing [307, 308] and imaging [309] protocols based on the
idea of ’Quantum illumination’ [310, 311], which show sig-
nificant improvement in noise resilience over other classical
schemes.
SPDC sources of entangled photon-pairs are extensively
used in quantum metrology, which aims at beating standard
bounds on estimation precision by exploiting quantum probes
[236, 312–317]. Entanglement-assisted quantum metrology
protocol was experimentally demonstrated in a noisy envi-
ronment [318]. Orbital angular momentum entanglement be-
tween photon-pairs in SPDC is well exploited for performing
ultra-sensitive angular measurements [319–324].
Spatial correlation of photon-pairs are utilized for quan-
tum imaging [325]. This was practically realized using dif-
ferent techniques [326–328]. Quantum imaging experiments
such as sub-shot noise imaging [329–331] and quantum ghost
imaging [332–334] overcome the spatial resolution beyond
classical bound. Entanglement of photon-pairs has found to
have a key role in various imaging experiments beating clas-
sical limits [335–339]. Entangled photon-pairs are also used
for practical realization of various quantum-enhanced sensing
and imaging technologies such as quantum lithography [340–
343], quantum ellipsometry [344, 345], quantum optical co-
herence tomography [346–349], clock synchronization [350]
and optical gyroscope [351].
VII. SUMMARY
In this article, we have discussed various designs of entan-
gled photon sources using bulk nonlinear crystals and waveg-
uides. These bulk sources have been used to demonstrate
many quantum technology applications and will continue to
play a role in the practical realization of quantum information.
Some novel technological possibilities in source design like
domain engineering of QPM crystals that are yet unexplored
further, may add further scope in building compact sources for
future technologies.
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Appendix: Performance parameters of polarization entangled
photon-pair sources
This section gives comparison tables of the performance pa-
rameters of major sources for polarization entangled photon-
pairs. Table I & II lists the sources in infrared and telecom
wavelengths respectively. Table III lists the sources based on
waveguide (WG) devices. † denotes values estimated from
published data and ‡ denotes values corresponding to pair pro-
duction. The spectral characteristics listed are central wave-
lengths of the signal and idler photons (λs, λi) and the full
width at half maximum bandwidth (∆λ ). In order to facili-
tate a comparison of the heralding efficiency for different de-
tector efficiencies, both the uncorrected experimental values
(ηs,i) as well as the values corrected for the estimated de-
tector efficiency (ηs,i/ηdet ) are listed. The Bell-state fidelity
is that obtained for low pump powers. In particular, entan-
glement fidelity is approximated from reported visibilities as
F = 1− (1−V )/2 where V is the highest reported average
visibility in rectilinear and diagonal bases without subtract-
ing accidental coincidences. SB - Spectral Brightness; SCSP
- Single Crystal Single Pass; DCSP - Double Crystal Single
Pass;; SCDP - Single Crystal Double Pass;; DCDP - Double
Crystal Double Pass; TES - Transition Edge Sensor; SPCM -
Single Photon Counting Module; APD - Avalanche Photodi-
ode;
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